Many animals use the visual motion generated by traveling straight-the translatory optic flow-to successfully navigate obstacles: near objects appear larger and to move more quickly than distant objects. Flies are expert at navigating cluttered environments, and while their visual processing of rotatory optic flow is understood in exquisite detail, how they process translatory optic flow remains a mystery. We present novel cell types that have local motion receptive fields matched to translation self-motion, the vertical translation (VT) cells. One of these, the VT1 cell, encodes self-motion in the forward-sideslip direction and fires action potentials in spike bursts as well as single spikes. We show that the spike burst coding is size and speed-tuned and is selectively modulated by motion parallax-the relative motion experienced during translation. These properties are spatially organized, so that the cell is most excited by clutter rather than isolated objects. When the fly is presented with a simulation of flying past an elevated object, the spike burst activity is modulated by the height of the object, and the rate of single spikes is unaffected. When the moving object alone is experienced, the cell is weakly driven. Meanwhile, the VT2-3 cells have motion receptive fields matched to the lift axis. In conjunction with previously described horizontal cells, the VT cells have properties well suited to the visual navigation of clutter and to encode the fly's movements along near cardinal axes of thrust, lift, and forward sideslip.
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In Brief
Longden et al. report novel optic flowprocessing neurons in the fly with motion receptive fields matched to translatory optic flow. One of these cells, VT1, encodes properties of the moving visual scene in spike bursts, such that depth from motion modulates the rate of spike bursts and not the rate of single action potentials.
SUMMARY
Many animals use the visual motion generated by traveling straight-the translatory optic flow-to successfully navigate obstacles: near objects appear larger and to move more quickly than distant objects. Flies are expert at navigating cluttered environments, and while their visual processing of rotatory optic flow is understood in exquisite detail, how they process translatory optic flow remains a mystery. We present novel cell types that have local motion receptive fields matched to translation self-motion, the vertical translation (VT) cells. One of these, the VT1 cell, encodes self-motion in the forward-sideslip direction and fires action potentials in spike bursts as well as single spikes. We show that the spike burst coding is size and speed-tuned and is selectively modulated by motion parallax-the relative motion experienced during translation. These properties are spatially organized, so that the cell is most excited by clutter rather than isolated objects. When the fly is presented with a simulation of flying past an elevated object, the spike burst activity is modulated by the height of the object, and the rate of single spikes is unaffected. When the moving object alone is experienced, the cell is weakly driven. Meanwhile, the VT2-3 cells have motion receptive fields matched to the lift axis. In conjunction with previously described horizontal cells, the VT cells have properties well suited to the visual navigation of clutter and to encode the fly's movements along near cardinal axes of thrust, lift, and forward sideslip.
INTRODUCTION
When an animal travels along a straight path, it experiences a pattern of visual motion containing information about the layout of its environment. This is because the movement of the image of the environment over the retina-the optic flow-is large for near objects, while distant objects and places appear to hardly move at all [1] . In the many visual animals that lack significant stereovision for depth perception, translation-induced optic flow is an invaluable source of spatial information [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Flies structure their trajectories into periods of nearly straight translation followed by sharp rotations [12, 13] . This movement strategy allows them to take advantage of depth information during translation self-motion and execute fast and robust responses to visual disturbances in the sideslip or lift directions [14] .
A visual interneuron sensitive to translatory optic flow can therefore encode potentially precious information about the layout of the world. One way that spiking neurons can signal privileged information is through brief bursts of action potentials, known as spike bursts. Spike bursting is widespread in sensory systems and carries many potential advantages for coding [15] . For instance, the number of spikes in a burst can encode stimulus features, or increase the signal-to-noise ratio [16, 17] . Spike bursting has not been reported in the fly visual system, but fly visual interneurons sensitive to motion spike with millisecond precision, and their spike activity patterns correlate with specific sequences of motion [18, 19] .
The cellular basis of motion vision is understood in considerable detail in flies, particularly for the processing of rotatory optic flow, with identified cell types transmitting photoreceptor signals through successive optic lobe neuropils to the lobula plate. In this neuropil, there are large cells that are responsive to wide sections of the visual field, the lobula plate tangential cells (LPTCs). The distribution of local preferred directions in the receptive field of many LPTCs match the patterns of rotatory optic flow, notably those of horizontal system (HS) and vertical system (VS) cells. These cells are preferentially driven by motion throughout the visual field, rather than by local motion cues, allowing them to faithfully encode rotatory self-motion [20, 21] . Another set of LPTCs preferentially encodes object motion, for example, the figure detection (FD) cells [22] , which are driven by small objects moving relative to otherwise coherent wide-field background motion. In contrast to the known lobula plate circuitry of cells encoding wide-field rotatory optic flow and small-field object motion, there is a conspicuous absence of described cells encoding translatory optic flow. Of the approximately 60 LPTCs identified by anatomical studies [23] , around 50 have been characterized and none of these are thought to encode the optic flow generated by lift or sideslip self-motion.
In this report, we present novel LPTCs with local motion receptive fields matched to patterns of optic flow induced by lift and sideslip, recorded in the blowfly, Calliphora vicina. We call them vertical translation (VT) cells, as they are predominantly driven by vertical motion matching translation optic flow fields. We have characterized the properties of one of these cells, the VT1 cell, in detail. This cell type has a local motion receptive field that matches translation in the forward and sideslip direction, toward azimuth 60 . Unlike cells encoding rotatory optic flow, the cell is not preferentially driven by wide-field optic flow, and, unlike object detecting cells, it is not driven by the local relative motion of a small object either. Instead, the VT1 cell responds maximally to relative motion, out of the stimuli tested. In particular, the VT1 cell fires action potentials in spike bursts, and we show that spike bursts encode salient features of the translatory optic flow, including the stimulus speed and the relative motion generated when different depths are present in the visual scene.
RESULTS

The VT1 Cell Encodes the Optic Flow of Translation in the Forward Sideslip Direction with Spike Bursts
The VT1 cell is a novel cell type that has two unusual properties for the fly visual system. First, it fires action potentials in clusters of spikes-which we refer to as spike bursts-with interspike intervals typically around 2-3 ms ( Figures 1C and 1D ). These spike bursts were present in the cell's spontaneous activity (Figure 1C) , and spike burst activity accounted for approximately half of the cell's spikes in our recordings ( Figure 1E ). We classified spikes as belonging to a burst if the interspike interval was less than 5 ms ( Figure 1D ) [24] and performed experiments to identify stimulus features encoded by spike bursts. Spike bursts with more than 3 spikes were rare in all recordings, so we analyzed the stimuli that generated single spikes, 2 spike bursts, and spike bursts with 3 or more spikes (3+ spike bursts).
The second unusual property is that the cell has a distribution of local directional motion preferences matching the pattern of optic flow generated by translatory and not rotatory self-motion, as measured by responses to local motion stimuli ( Figure 1A) . The response was greatest in the ventral visual field, where near objects and ground dominate the optic flow field during translation self-motion. Above the midline in the ipsilateral visual field (right-hand side of Figure 1A ), the direction selectivity of the response was upward, consistent with a forward sideslip translation: if the cell were tuned to a rotation, the direction selectivity would have been downward here. The responses in the ventral part of the ipsilateral visual field are highly stereotyped with little variability between cells (lower-right-hand side of Figure S1A ), indicating that the data we present here were most likely recorded from a single cell type. However, further morphological confirmation of the identity of the VT1 cell will require intracellular staining and reconstruction, which we have not yet been able to perform. To quantify the match between the local motion receptive field and the patterns of optic flow generated by rotatory and translatory self-motion, we calculated the average normalized inner product of the optic flow field and the cell's receptive field vectors (see Method Details). As expected, rotatory optic flow fields could only capture the flow in either the clockwise or counterclockwise directions but could not capture the expansion component of the motion receptive field (Figures S1B3 and  S1C3) . The fit to translatory optic flow captured the expansion component of the motion receptive field, and for all cells the fit to translatory optic flow was greater than the fit to rotatory optic flow ( Figures 1B, S1B1 , and S1C1).
The variability of the responses in the contralateral visual field (left-hand side of Figure S1A ) subtly affected the fits to translatory optic flow. When the cells were fit over the ipsilateral visual field, the fit was in the correct direction (error <90
) across almost the whole of the stimulated visual field, except in the ventral contralateral area, where responses were weak and incoherently spatially organized ( Figure S1B4 ). In contrast, when the cells were fit over the whole of the stimulated visual field, the fit in ipsilateral locations was reduced to capture the directions of responses on the contralateral side ( Figure S1C4 ). As a result, fits using the whole visual field overestimated the elevation angle of the focus of expansion, as compared to the fit of the ipsilateral side alone (Figures S1B4 and S1C4 ). Therefore, we used the fits of the ipsilateral responses alone to characterize the VT1 cells ( Figure 1B) .
The local motion receptive field also deviates from a perfect match to translatory optic flow. The divergence between the upward and downward direction selectivity in the ipsilateral visual field indicates a focus of expansion near the midline. However, the responses to the left and right of the focus of expansion at 60 are mostly vertically oriented while the optic flow field vectors generated during a translation in the near equatorial plane would gradually change from vertical to horizontal. For example, the responses at azimuth 30 are more vertical than the best fit to the mean local motion receptive field ( Figure S1B4 ). This vertical direction selectivity in the expansion pattern of the local motion receptive field is maintained across all cells ( Figure S1A ). There are two consequences of this pattern. First, the fit to rotatory optic flow is larger for cells with low responses outside the main receptive field, as compared to cells with high responses outside the main receptive field, generating good fits to rotatory optic flow for some cells ( Figure 1B) . Nevertheless, all cells are still better fit by translatory optic flow, whether the fit is over the ipsilateral or the whole of the stimulated visual field (Figures S1B1 and S1C1). The second consequence is that the fit to translatory optic flow along axes near the focus of expansion remains high (data not shown). In this way, the cell is likely to robustly signal translation along axes around azimuth 60 .
Spike Bursting in VT1 Supports Size Tuning and Is Triggered by the Onset of Motion
The distribution of local preferred directions in the VT1 cell receptive field indicates that this cell may function as a matched filter for detecting motion in the forward sideslip direction. Under this hypothesis, VT1 cell responses should be maximally driven by motion throughout its receptive field mimicking a specific wide-field optic flow field, as is the case for many well-described LPTCs such as the HS and VS cells. To test this hypothesis, we presented local motion in the preferred direction within the region of its sensitivity maximum (at azimuth 60 elevation À35 ). As the diameter of the area stimulated increased, the cell's response peaked and then decreased to a lower level (Figure 2A ). This size tuning was generated by spike bursts of 3 or more spikes: single spikes did not show a distinctive size tuning (Figure 2A) . Therefore, unlike most other LPTCs, the VT1 cell is not strongly driven by wide-field motion throughout its receptive field, and it features a size tuning that depends on the cell's spike bursting activity. As a result, we looked in detail at which properties of the visual stimuli were encoded by spike bursts and single spikes. First, we analyzed the dynamics of the response: 3+ spike bursts encoded the onset of motion, regardless of the size of the area stimulated ( Figures 2B and 2C ). Spike bursts also followed the dynamics of the stimulus at the preferred stimulus size (a grating moving at 4 cycles/s in Figure 2B ), a feature that was missing when the stimulus diameter increased ( Figure 2C ). A small amount of oscillation in the response is predicted by models of visual interneurons integrating elementary motion detector inputs over small areas [25] , but the spike bursting amplified this effect: the single spike rate followed the phase of motion to a much smaller extent ( Figure 2B ).
At high speeds, the spike bursting also resulted in spatial wavelength tuning ( Figure 2D ). LPTCs are tuned to the temporal frequency of a grating-the ratio of the angular velocity and spatial wavelength-rather than the velocity, so we characterized the speed of the grating in terms of its temporal frequency. For the gratings moving at 7 cycles/s, the response plateaued for single spikes for wavelengths greater than 15 , while the spike bursting peaked at this value (data not shown). This spatial wavelength tuning was not present for 2 cycles/s stimuli and emerged as the stimulus speed increased. In summary, the spike bursting of the VT1 cell supports spatial tuning with precise temporal dynamics, and spike bursting depends on the temporal frequency of the stimulus.
VT1 Spike Bursts Encode Motion Temporal Frequency, and Temporal Frequency Tuning Depends on Area Stimulated
To understand how the speed of the stimulus affects the responses of the VT1 cell, we used complementary approaches. First, we used a randomly moving stimulus to calculate the stimuli that, on average, triggered single spikes and spike bursts (Figures 3A1-3A3 ). The peak temporal frequencies of the spike-and spike burst-triggered averages increased with the number of spikes ( Figure 3A2 ), indicating that the stimulus temporal frequency drives the number of spikes in the burst. To test this, we next measured the temporal frequency tuning to motion throughout the stimulus area ( Figures 3B1-3B3 ). The tuning of single spikes peaked at 1 cycle/s, while 3+ spike bursts peaked at 7 cycles/s ( Figure 3B2 ).
However, the temporal frequency tuning of the spike bursting depended on the area stimulated. When motion was shown in the center of the stimulated area, the temporal frequency tuning of spike bursts peaked at 1 cycle/s ( Figures 3C1-3C3 ). Meanwhile, when the motion was shown in the surrounding area, the response was even greater and the temporal frequency tuning of the spike bursting peaked at 7 cycles/s ( Figures 3D1-3D3 ). For all the areas stimulated, the initial response transient was dominated by spike bursting ( Figures 3B3, 3C3 , and 3D3). In the responses that followed, the sustained spike burst activity was maintained with little adaptation when there was only motion in the stimulus surround.
These data show that the VT1 cell has a complex receptive field that combines spatial and temporal frequency cues. Although it exhibited size tuning when there was motion throughout a circular area (Figure 2A ), small targets do not optimally drive the cell. Rather, it is maximally driven by spatially inhomogeneous motion, out of the stimuli we have presented so far.
VT1 Spike Bursts Encode Relative Motion
Translation movements result in the relative motion of objects of different distances-a visual signature of depth known as motion parallax. Therefore, the detection of motion in multiple depth planes is one possible function for a cell with a motion receptive field aligned with translation-induced optic flow, and that is strongly driven by spatially inhomogeneous motion. To test the idea that VT1 spike activity encodes motion parallax, we presented motion at different temporal frequencies in the center and surround of the stimulus area ( Figure 4A ).
The distribution of 3+ spike bursts was dominated by the temporal frequency in the stimulus surround, and peaked at 7 cycles/s (dashed line, Figure 4B ). The effect of motion in the stimulus center was to inhibit the 3+ spike burst response. For example, for a fixed stimulus surround velocity of 7 cycles/s, the spike burst spike rate peaked when the stimulus center temporal frequency was highly different at 0 cycles/s ( Figure 4C ). For center temporal frequencies greater than 1 cycle/s, the spike burst rate slowly recovered to a near maximal rate when the center temporal frequency was 25 cycles/s. Meanwhile, the single spike rate was constant across this transect ( Figure 4C ).
This saddle-point organization of the distribution of 3+ spike bursting for the spatial organization of the temporal frequencies indicates that the cell is not tuned to all motion parallax. If this was the case, it would be tuned to the off-diagonal elements of the distribution space in Figure 4B . Indeed, 3+ spike bursting in the cells was not tuned to the motion of an object against a stationary background: it was not maximally driven by motion in the center and not in the surround. Rather, it was sensitive to the motion parallax that arises when one patch of the visual field moves at a different temporal frequency to the background.
The structure of the single spike rate distribution was also dominated by motion in the surround ( Figure 4E ). However, motion in the stimulus center augmented the response to fast and slow temporal frequencies in the surround: along the transect where the stimulus center temporal frequency was 2 cycles/s (dotted line, Figure 4E ), the single spike rate was increased by motion in the stimulus surround ( Figure 4F ). Meanwhile, the spike burst frequency was constant along this transect ( Figure 4F) . Thus, single spike activity was not recruited by motion parallax.
We were concerned that alignment of the stimulus with the preferred direction might have affected our results. For instance, in bursting cells in cat striate cortex, bursts have greater orientation selectivity than single spikes [16] . The burst firing of the VT1 cell was likewise more direction selective than single spike activity ( Figure 4D ). The local preferred direction throughout the stimulus area did not deviate from the stimulus direction by more than 11 ( Figure 4A ), which lies within the peak of the 3+ spike (D) Spatial wavelength tuning of responses to a grating moving at 2, 4, or 7 cycles/s. For the gratings moving at 4 and 7 cycles/s, the peak in the mean spike rate response at 15 is due to the spike burst rate peaking at this spatial wavelength (data not shown). Mean ± SE shown, N = 10.
burst direction tuning curve ( Figure 4D ), so changes in direction selectivity within the stimulus area cannot account for the spatial dependence of the temporal frequency tuning.
We also recorded the responses of another LPTC, the V1 cell, to the same motion parallax stimulus presented near the V1 cell's sensitivity maximum, at À30 azimuth, 0 elevation, where the cell is also tuned to vertical downward motion ( Figure S2 ). The V1 cell does not fire action potentials in spike bursts-for example, it has a unimodal interspike interval distribution ( Figure S2A )-but to aid comparison with the VT1 cell, we classified spikes with an interval <5 ms as ''bursts,'' as before. The V1 cell is sensitive to wide-field motion and showed no tuning to motion parallax, as expected. Motion in the center or surround both excited the cell, and there was no inhibitory interaction when motion was shown in both the center and the surround (Figures S2C-S2F ).
VT1 Spike Bursts and Multiple Depth Planes
To test whether these features of spike burst coding of temporal frequency, spatial organization of motion, and motion parallax may be combined to signal the presence of multiple depth planes, we presented simulations of two situations. In the first situation, the fly viewed a perspective-corrected simulation of translation self-motion over a high-contrast ground pattern, heading toward an object along a constant heading of azimuth 60 , elevation 0 ( Figures 5A-5D ). The object was one period of a square wave grating across the visual scene, oriented perpendicular to the direction of motion: the period, l, was measured as a length, so that as the object height increased the angle subtended by the object increased. The space-time plots of the visual stimulus in Figure 5B show how the object moved relative to the ground when it was above (height = -l/2) or below (height = +l) the ground or blends in when it was the same height (height = 0).
When the object was above the ground, it moved more rapidly than the ground, and its angular spatial wavelength increased as it approached. As a result, spike burst activity was inhibited ( Figure 5D , height = -l/2). In contrast, the single spike rate was not affected by the object motion and remained near constant. When the object was lower than the ground, the object moved more slowly and with a smaller angular spatial wavelength than the ground but was not occluded by the ground. Consistent with the changes in object's relative speed and spatial frequency, spike bursting was not inhibited, and again the single spike rate was not modulated ( Figure 5D, height = l) . (D) Mean single spike and 3+ spike burst responses to the object at heights of, from left to right, l/2 above the ground, level with the ground, or l below the ground. The 3+ spike burst rate is modulated by the object height, while the single spike rate is unaffected. N = 10. The gray boxes along the x axis highlight the times over which the mean responses are averaged in (G) and (H). (E) As for (C) but with a gray, zero-contrast ground. The motion of the object is now the only motion cue. N = 11. (F) Mean single spike and 3+ spike burst responses to the same object motion in (D), but with the object moving against a gray ground.
(G) The mean ± SE responses for the second before the object starts to leave the monitor screen (2-3 s) and the 0.5 s after this time (3-3.5 s), while it moves against the high-contrast background. The 3+ spike burst rate is highly modulated by the object depth. N = 10.
(H) As for (G), but for the object moving over the gray ground. The spike burst rate is no longer highly modulated by the object depth, and follows the single spike rate. N = 11. See also Figure S3 .
In the second situation, the object moved over a gray ground that was without visual contrast ( Figure 5E ), but all other aspects of the trials were identical. In these trials, the object motion recruited the activity of both single spikes and spike bursts, regardless of the object height ( Figure 5F ).
For all the experimental conditions, the stimuli were designed so that the object reached the region of the simulated environment closest to the fly in its ventral visual field at 3 s. If the simulated visual field had been larger, the object would have appeared to pass under the fly rapidly after this time. To quantify the dynamics of the responses for different heights in the two simulated situations, we measured the mean spike rate in the second before the leading edge of the object reached the edge of the screen (2-3 s), and in the interval that the object left the screen (3-3.5 s). Spike bursting in these periods is modulated by object height in the presence of the high-contrast background ( Figure 5F ). In the absence of the background, spike bursting is proportionally much lower. In summary, VT1 cell spike bursting is not driven by object motion ( Figure 5H ). Rather, it is driven by the relative motion of an object against cluttered background, in a way that varies over a certain range of object heights ( Figure 5F ).
VT1 Cell Is Not Sensitive to Loom
The focus of expansion, reflected by the arrangement of local motion preferences in the cell's receptive field ( Figure 1A) , may suggest that the cell is sensitive to loom, rather than translatory optic flow ( Figure 5 ). We presented expanding patterns centered at 60 azimuth and 0 elevation ( Figure S3 ). The responses to this looming stimulus were weak compared to the responses to moving gratings. Looms induced both single spikes and spike bursts. We could only identify one aspect of the looming stimulus encoded by bursts of spikes. For fast looms (r/v = 10 ms), spike bursts signaled the point at which the looming stimulus reached full size ( Figure S3B ). This did not depend on the size of the darkening area of the screen during the loom, as it also occurred with equal strength for a looming stimulus consisting of concentric rings ( Figure S3C ), and the cell showed no response to the changes in luminance that accompany flicker stimuli ( Figure S3E ).
These results are consistent with the size tuning of the cell, and the sensitivity to motion parallax in the visual scene. When the fly was subjected to translatory motion or looms lacking motion parallax, the cell was only weakly driven ( Figure S3 ). On the other hand, directional visual motion in a large area of its ventral (ipsilateral) receptive field along the axis of translation toward 60 azimuth, induced strong spike bursting activity ( Figures 3D  and 4) . Likewise, when two depth planes existed in a scene and translation in the same direction was simulated, the cell's spike bursting activity was also strongly driven ( Figure 5 ). Meanwhile, the cell was not excited by motion of an object against a static background (Figure 4) . Therefore, we propose that the VT1 cell has a motion receptive field matched to translation optic flow and is preferentially driven by movements along its preferred translation axis with multiple depth planes.
VT Cells with Motion Receptive Fields Matched to Lift
Finally, we present the motion receptive fields of other novel VT cell types that were mapped in the search for the VT1 cell (Figure 6) . The VT2 and VT3 cells have motion receptive fields matched to motion in the vertical, lift direction ( Figures 6A and  6B) . Along with VT1, they share the property of having their greatest motion sensitivity in the ventral visual field, consistent with a role in detecting translatory self-motion [26] , and a greater fit to translation than rotation optic flow ( Figure 6D) .
We also present the motion receptive fields of a heterogeneous class of spiking cells sensitive to front-to-back motion, Hu cells [27, 28] , whose motion receptive fields have not been described in detail before ( Figure 6C ). Their motion receptive fields equally match rotation and translation optic flow fields (Figure 6D) . Their best-fitting translation flow fields are generated by movement along an axis of À59 azimuth 24 elevation. This is an axis aligned with the translation axis of the VT1 motion receptive field ( Figure 6E ), for the contralateral cell.
The VT2 cell is unusual in that it produces relatively strong responses in the contralateral visual field (left-hand side of Figure 6A) . The VT1, VT3, and Hu cells, on the other hand, all have weak responses in the contralateral visual field, consistent with other LPTCs, and we have not yet investigated how contralateral visual inputs affect the ipsilateral responses of these cells. The LPTCs form a recurrent network with heterolateral cells providing input from the contralateral visual hemisphere. For example, the V1 cell, which is tuned to sense body rotations around an axis along an azimuth of 60 [21] , is only weakly sensitive to visual motion in the contralateral visual field. This is partly a result of inhibitory inputs from the contralateral Vi cell to VS cells, which are in turn presynaptic to (the ipsilateral) V1cell [29] . When the blowfly is stimulated by wide-field motion simulating rotatory optic flow across its entire receptive field, the V1 cell responses can be predicted based on the distribution of its local directional motion preferences [30] . We therefore hypothesize that contralateral inputs would support the processing of binocular responses in the VT1, VT3, and Hu cells. Why cell types such as the Hu, VT1, and V1 cells are tuned to axes along an azimuth of 60 remains an open question whose answer may be related to the natural flight modes engaged by the flies [31] .
The VT1-3 cell types demonstrate that the fly visual system has the capacity to encode the optic flow of translation movements in nearly orthogonal Cartesian coordinates of sideslip, lift, and thrust: VT1 encodes forward sideslip, VT2-3 encode lift, and thrust can be encoded by cells sensitive to horizontal optic flow, including HS and Hx cells [20, 32] . The Hu cells, along with other horizontal cells [33] , have motion receptive fields that allow them to contribute to encoding yaw rotations, and thrust and sideslip translations.
DISCUSSION
The VT1 cell is a novel spiking cell in the fly visual system whose local motion receptive field is matched to a translation along a forward sideslip direction (Figure 1 ). In addition, its spiking activity encodes more than the direction of translation. Its spike bursts selectively encode motion onset in this direction ( Figures  2B and 2C) , fast, spatially inhomogeneous motion (Figure 3) , and motion parallax (Figure 4) . As a result of these properties, the spike bursts are selectively recruited during translation self-motion through a variable height environment ( Figure 5 ). Finally, additional cells encode lift, the novel VT2 and VT3 cell types, and thrust [20, 32, [34] [35] [36] , such that the fly has the neural capacity to encode its translation along near cardinal axes of lift, thrust, and sideslip.
In the fly lobula plate, previously described cells respond to motion parallax and exhibit size-tuning. The FD1-4 cells are direction-selective motion cells that respond to the horizontal motion of small targets but are inhibited by horizontal motion throughout the visual field [22] . As a result, these cells respond to the motion parallax generated by a small target moving at a different speed to the surround. Likewise, a class of the functionally similar and possibly overlapping rCI cells respond to the motion parallax of small targets moving horizontally [28] . In contrast to these cells, the VT1 cell is sensitive to vertical motion, and, rather than being excited by small targets and inhibited by movement in the surround, it is excited by movement in the surround and inhibited by movement in the center. In this way, the cell does not appear to be tuned to the detection of small targets, but rather to discontinuities in a cluttered environment where locally objects deviate from the average distance distribution. The fly could use this information for very simple flight control strategies, such as slowing down in a cluttered environment after recovering from a sideslip perturbation, as well as to extract information about the layout of the visual scene.
Translatory self-motion generates much more complex optic flow fields than self-rotation. Local inhomogeneities within translatory optic flow may contain information about distinct deviations from an average cluttered environment that could be combined with other visual cues such as contrast and retinal location [37] . Accordingly, the VT1 cell has a complex spatiotemporal receptive field. We used stimuli that were designed to distinguish its receptive field properties from those of LPTCs that are sensitive to both wide-field motion, such as HS and VS cells (Figure 2) , and the motion of a small object, such as FD cells (Figure 3) . We also used stimuli that allowed us to characterize its sensitivity to motion parallax and to distinguish its response properties from those of FD cells (Figure 4) . The results we obtained using various local motion and looming stimuli suggest how the VT1 cell receptive field properties increase the cell's spike burst sensitivity to multiple depth planes ( Figure 5) . In future work, it will be important to study how additional factors, such as contrast gain control [38] , binocular stimulation [30] , and physiological state [39] affect VT1 cell response properties. For example, in Drosophila, behavioral responses to translationinduced image expansion have a different contrast tuning than stabilization responses to rotatory optic flow [40] , and contrast gain control may modulate the precise temporal frequency tuning of the VT1 cell [38] . In studies of other species, visual interneurons with similar optic flow response properties have been described in primates. Cells in cortical area MST are involved in the perception of heading from wide-field optic flow, and individual MST cells have large motion receptive fields that match combinations of translation and rotation optic flow that the animal might experience while moving [41] . Despite this role in sensing the wide-field pattern of motion, the responses of MST cells are augmented by the presence of multiple planes of depth in the visual scene [42] , and so these responses may contribute to depth perception as well as heading. Similarly, cells in the pretectum of pigeons are sensitive to wide-field patterns of optic flow congruent with self-motion, and their responses to wide-field motion are augmented by multiple depth planes [43] . It is therefore possible that these animals, with their very different motor control needs, implement similar computational strategies for one component of their visual control of self-motion.
While motion consistent with translation in the forward sideslip direction drives indiscriminate spiking activity in the cell, specific features of the stimulus drive spike bursting, including temporal frequency, spatial organization, and relative motion. In this way, the VT1 cell has the capacity to encode parallel streams of information. As Figure 5D shows, the spike burst rate can be selectively modulated by the relative motion of an object's height, while the single spike rate is largely unaffected. This property of dual coding by spike bursts and single spikes is not uncommon [44, 45] . For example, spike bursts in complex cells in cat striate cortex can encode spatial frequency and orientation, while their single spike rate is controlled by the contrast [16] .
For information multiplexed by single spikes and spike bursts to be useful, cells downstream of the VT1 cell must be able to decode it. In other systems, circuit and cellular mechanisms high-pass and low-pass filter spike trains, allowing bursts and single spikes, respectively, to preferentially drive downstream cells [46] . One set of mechanisms, for instance, is based on synaptic dynamics [47] . For example, rat layer 5 pyramidal cells can preferentially convey low-frequency spike activity to other pyramidal cells via rapid synaptic depression, and high-frequency spikes to inhibitory interneurons via rapid synaptic facilitation [48] . In the fly visual system, it is not known whether such mechanisms for preferential decoding of single spikes or spike bursts exist, partly because spike bursting has never before been described in this system. There are specific visual interneurons in Drosophila that differ in their intracellular calcium and membrane potential responses to synaptic inputs, in ways that depend on the dynamics of the inputs [49, 50] . In layer 5 pyramidal cells, divergent intracellular calcium and membrane potential responses to inputs allow spike bursts to be detected and propagated [51] . Whether such mechanisms exist in the fly visual system may be investigated once the neurons downstream of VT1 cell have been identified.
The cell types expressed in the lobula plate show a remarkable degree of homology across Diptera [52] , and it is possible that cells sensitive to translation-induced optic flow are also found in other species where the circuitry may be more tractable, such as Drosophila melanogaster [53, 54] . All flies generate lift and thrust, and sideslip poses a major problem for flight control, as it is orthogonal to the generation of lift [55, 56] . For Drosophila, sideslip is generated during the course of normal turns [57] , and sideslip visual stimuli involving relative motion in the ventral field evoke particularly strong stabilizing responses in tethered flies [56] . We have developed an amplifier for recording spiking neural activity that can fit in the blowfly's head, and so we will eventually be able to measure the activity of VT cells in vivo [58] . Through this technology, we are planning to record how cells such as the VT cells coordinate with other LPTCs to encode directions of self-motion and how their activity affects motor behavior.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
Tamm, Germany) and sampled at 20 kHz using a NI USB 6211 data acquisition card (National Instruments, Austin, TX, USA). Data acquisition was controlled using MATLAB (The MathWorks, Natick, MA, USA). Spikes were identified using custom MATLAB software. All recordings were performed at room temperature, between 20.4 C and 24.9 C. The VT1 cell is found by recording at the ventral edge of the lobula plate. During recordings of the V1 cell, it is frequently in the background of the extracellular recording, and by moving ventrally, the magnitude of the V1 signal decreases and the VT1 cell can be regularly recorded in the absence of spiking activity from other cells. The VT2 and VT3 cells are regularly found in the background when recording in the medial lobula plate -it is exceedingly difficult and rare to record the cells in isolation as has been done here. We have put considerable effort into recording these cells intracellularly, so that they might be anatomically stained, and have not yet succeeded.
Visual stimuli Equipment Stimuli were displayed using one of two methods. In the first method, they were generated by a Picasso Image Synthesizer (Innisfree, Crozet, VA, USA), and custom electronics (Dept Zoology, University of Cambridge, UK), and displayed on a CRT display (Tektronix, Berkshire, UK) at 182 Hz. The CRT was mounted on a frame so that it could be positioned at a given azimuth and elevation. For all stimuli shown on the CRT, the Michelson contrast was 60%. This method was used for the following visual stimuli, (described below): Local motion receptive fields; Motion in stimulus center and surround; and Direction tuning.
In the second method, stimuli were displayed on an Iiyama Vision Master Pro 454 monitor (Iiyama, Tokyo, Japan) at 200 Hz using PowerStrip software (EnTech, Taipei, Taiwan) and an NVIDIA Quadro NVS 290 graphics card (NVIDIA, Santa Clara, CA, USA). These stimuli were generated using Psychophysics Toolbox [59] . For all stimuli shown on the monitor, the Michelson contrast was 98%. This method was used for the following visual stimuli: Size tuning; Spatial wavelength and temporal frequency tuning; Random motion stimulus; Multiple depth planes; Loom; and Flicker. Local motion receptive fields We characterized the cell's local motion direction tuning using a rotating dot stimulus, displayed at locations throughout the visual field [60] . A 7.6 diameter black dot was displayed inside a 20 diameter aperture moving on a 10.4 diameter path. The dot traveled clockwise for 3 s moving round the path at a speed 2 cycles/s, before a blank screen was displayed for 2 s, and then the dot traveled counterclockwise for 3 s.
Size tuning
The monitor was centered at azimuth 60 , such that its elevation spanned 0 to À52 , with a circular aperture of diameter of 48 . The spatial wavelength of the square wave grating was 15 , the temporal frequency 4 cycles/s. In a trial, an isoluminant gray screen was shown for 0.5 s, followed by the stimulus for 0.5 s, followed by a gray screen for 0.5 s. The grating moved in an aperture sizes of one of the following randomly shuffled diameters: 6 . Outside this aperture diameter, the screen was an isoluminant gray. Number of trials: n = 30. Number of animals: N = 11. Spatial wavelength and temporal frequency tuning The monitor was centered at azimuth 60 , such that its elevation spanned 0 to À52 , with a circular aperture of diameter of 48 . In a trial, an isoluminant gray screen was shown for 0.25 s, followed by the stimulus for 0.5 s, then a gray screen for 0.25 s. The spatial wavelength of the square wave grating was one of the following values, randomly shuffled: 5 , 10 , 12.5 , 15 , 22.5 , 30 . The temporal frequency of the grating was one of the following values, randomly shuffled: 0.1, 0.5, 2, 4, 7, 10, 17, 20 cycles/s. Number of trials: n = 25. Number of animals: N = 11. Motion in stimulus center and surround For the VT1 cell, the CRT was centered at azimuth 60 , elevation, À45 , and for the V1 cell, the CRT was centered at À30 azimuth, 0 elevation. The spatial wavelength of the square wave grating was 10 . The center diameter was 24 , and the surround diameter was 48 . In a trial, an isoluminant gray screen was shown for 0.25 s, followed by the stimulus for 0.5 s, followed by a gray screen for 0.25 s. In the center and the surround, the gratings moved at one of the following velocities, in a randomly shuffled order: 0, 1, 2, 4, 7, 10, 13, 17, 25 cycles/s. Number of trials: n = 10. For VT1, number of animals: N = 10; for V1: N = 6. Random motion stimulus and spike-and spike burst-triggered averages The monitor was centered at azimuth 60 , such that its elevation spanned 0 to À52 , and at 0 , the azimuth spanned 18 to 102 . A square wave grating of 20 spatial wavelength moved vertically with a temporal frequency updated every 5 ms with a value drawn randomly from the interval À25 cycles/s to +25 cycles/s, generating a maximum offset in a frame of 2.5
. Each trial lasted 30 s. To calculate the spike-triggered averages, the stimuli in the 150 ms time window that preceded every single spike were averaged, and likewise the 2 and 3+ spike burst-triggered averages were calculated, with the timing of the first spike determining the timing of the spike burst. We also calculated the spike and spike-burst triggered covariance matrices, but did not find significant eigenvalues in their decomposition. Number of trials: n = 50. Number of animals: N = 10.
Direction tuning
The CRT was centered at azimuth 60 , elevation, À45 . The square wave grating had a spatial wavelength of 10 , a temporal frequency of 2.5 cycles/s. Trials lasted for 1.5 s: an isoluminant gray screen was presented for 0.5 s, followed by the stimulus, followed by a gray screen for 0.5 s. The grating moved in one of sixteen equally spaced directions, in a randomly shuffled order. Number of trials: n = 20. Number of animals: N = 6.
e2 Current Biology 27, 3225-3236.e1-e3, November 6, 2017 Multiple depth planes The monitor was centered at azimuth 60 , such that its elevation spanned 0 to À52 , and at 0 , the azimuth spanned 18 to 102 . Trials lasted for 4 s. The screen height was 263 mm, and we simulated the situation shown in Figures 5C and 5E , by calculating the view the fly would see if it were translating in the azimuth 60 elevation 0 direction at a height of 263 mm at 200 mm/s over a ground of a sinusoidal pattern of spatial wavelength 100 mm, and began to pass over an object of one period of a 100 mm square wave grating at an elevation of À52 after 3 s. We did not model shadowing and the object perfectly occluded the ground. In the trials with the gray ground, the stimulus was identical except that the ground was gray. Number of trials: n = 30. Number of animals: high contrast background, N = 10; gray background, N = 11. Loom The monitor was centered at azimuth 60 , such that its elevation spanned 0 to À52 , and at 0 , the azimuth spanned 18 to 102 . Looms were characterized by the ratio of the loom radius (r) and loom velocity (v), and presented at r/v = 1667, 333, 100, 10 ms. They were centered on azimuth 60 , elevation 0 . Two forms of loom were presented: a dark loom with a single moving edge, and a bullseye pattern of three equally spaced black rings, as drawn in Figure S1C . The looms were shown in a randomly shuffled order. An isoluminant gray screen was shown for 0.5 s, then the loom stimulus for 3 s, followed by the final frame of the loom stimulus for 0.5 s. The looms were constructed so that the maximum radius of the loom, of 42 , occurred at 3 s. Number of trials: n = 30. Number of animals: N = 11. Flicker The monitor was centered at azimuth 60 , such that its elevation spanned 0 to À52 , with a circular aperture of diameter of 48 . The stimulus was full field flicker. A gray isoluminant screen was presented for 0.5 s, followed by the stimulus for 0.5 s, followed by a gray screen for 0.5 s. Stimuli were presented in a randomly shuffled order from the following frequencies: 1, 2, 4, 8, 10, 15, 25, 50, 100 Hz. Number of trials: n = 25. Number of animals: N = 6.
QUANTIFICATION AND STATISTICAL ANALYSIS
Interspike interval distribution To describe the ISI distribution, we binned the log 10 ISI distribution. The ISI distribution of the VT1 cell is not bimodal (data not shown), but its log 10 ISI is bimodal because the bin width increases monotonically with the ISI. For a Poisson process, the log 10 ISI distribution is unimodal, and indeed in another LPTC, the V1 cell, which does not fire spike bursts, the log 10 ISI distribution is unimodal ( Figure S2A ).
Local motion receptive fields
The local preferred direction (LPD) was the circular mean of the resulting tuning curve, and the local motion sensitivity the difference between the mean response over LPD ± 45 and LPD+180 ± 45 . Stimuli were shown in a pseudorandomly ordered series of locations. Number of animals: VT1, N = 10 for wide field maps, and an additional N = 9 for local maps in the ipsilateral ventral visual field; VT2 N = 3; VT3, N = 5.
To find the rotation and translation optic flow maps that best fitted the local preferred direction in the motion receptive fields, we performed an exhaustive search of all rotation and translation axes, at the resolution of 1 . At every location, we generated the rotation or translation optic flow field specified by that axis, calculated the average normalized inner product of the optic flow field and interpolated motion receptive field vectors. The contributions at every elevation were weighted by the cosine of the elevation, to correct for the oversampling of space in the interpolated maps. The resulting value, the fit of the optic flow map to the motion receptive field, ranges from 1 for a perfect fit, to À1, a perfect fit in the opposite direction at every point. For the VT1 cell, we used the ipsilateral motion receptive field in Figures 1B and S1B: the ventral contralateral visual field has little structure and including this part results in overfitting to the spatially incoherent responses (Figures S1B and S1C and legend). Fits to the whole visual field are shown in Figure S1C . For the VT2-3 and Hu cells we used the ipsilateral and contralateral visual fields, since these cells exhibited sufficiently directionally coherent local preferred motion directions throughout their visual fields.
To compare the fits to rotatory and translatory optic flow fields, we used paired t tests, with N = 10. Significance was defined as p < 0.05 (*) and p < 0.01 (**).
DATA AND SOFTWARE AVAILABILITY Data
The data is publically available at Mendeley Data (https://doi.org/10.17632/tdwdw8xgnp.2).
Software
The MATLAB code for analyzing the data and plotting figures is publically available at GitHub (https://github.com/kitlongden/ Longden_et_al_2017_Curr_Biol).
